IMPORTANCE Pulmonary hypoplasia affects a very small percentage of preterm neonates, but its presence is associated with high rates of mortality.
P ulmonary hypoplasia (PH) is a relatively rare diagnosis that is associated with high rates of mortality and morbidity, especially in preterm neonates. [1] [2] [3] [4] [5] [6] [7] Most cases occur in association with complications of pregnancy that disrupt lung development, such as oligohydramnios or rupture of membranes at periviable gestational ages. 8, 9 Because blood vessel growth in the lung parallels airway development, PH is often complicated by persistent pulmonary hypertension of the newborn (PPHN). Pulmonary hypertension is a major contributor to physiologic compromise in these patients, including severe, refractory hypoxemic respiratory failure. To date, to our knowledge, no postnatal therapy has been shown to consistently increase survival in preterm neonates with PH. Inhaled nitric oxide (iNO) is an approved treatment for neonates older than 34 weeks' gestational age who have hypoxemic respiratory failure associated with PPHN. The drug has been tested in preterm neonates, 10-27 but in aggregate, these trials demonstrate that iNO neither reduces mortality nor prevents major morbidities. As a selective pulmonary vasodilator, iNO would be expected to benefit patients whose hypoxemic respiratory failure is predominantly characterized by vascular pathophysiology, as is the case with PH. Small subgroup analyses of preterm trial data and several case series suggest that preterm neonates with PH may derive a survival benefit from iNO. [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] Unfortunately, the infrequency of PH limits our ability to derive meaningful conclusions from these studies and, some would argue, precludes the future conduct of randomized clinical trials.
39-41
Some have called for alternative study designs to address the knowledge gap. 39, 41, 42 In response to this unmet need, we performed a propensity score-matched cohort study using a large data set to test our hypothesis that early iNO exposure improves survival in preterm neonates with PH.
Methods

Study Design and Data Source
We performed this cohort study using a deidentified data set approved by the Western institutional review board and considered exempt by the Mayo Clinic institutional review board. The data set was extracted from the Pediatrix Medical Group Clinical Data Warehouse. [43] [44] [45] [46] [47] [48] [49] [50] The Clinical Data Warehouse stores clinical information documented by Pediatrix Medical Group clinicians in more than 350 neonatal intensive care units in 35 US states and Puerto Rico. Data generated from daily medical documentation (eg, admission, progress, and discharge notes) and billing worksheets are consolidated within the warehouse at the end of each neonate's neonatal intensive care unit stay, deidentified, and made compliant with the Health Insurance Portability and Accountability Act of 1996. Data can then be configured into tables that can be joined and queried for quality improvement and research. 43 ,51,52
Study Population
We identified all neonates who were admitted to a Pediatrix Medical Group neonatal intensive care unit and were discharged during the calendar years 2000 through 2014. Our initial sample included those who were born at 22 weeks 0 days' to 28 weeks and 6 days' gestation with a birth weight of 400 g or more who were diagnosed with at least 1 form of respiratory distress. We identified those who received the specific diagnosis of PH and excluded neonates with other forms of parenchymal lung disease (eg, pneumonia). We also excluded nonsingletons; those diagnosed with aneuploidy, congenital diaphragmatic hernia, congenital heart disease, hydrops, or other major congenital anomalies; and neonates who died in the delivery room or were not admitted for neonatal intensive care (eg, comfort care measures only). The resulting unmatched cohort was composed of neonates diagnosed with PH, some of whom also received a concomitant diagnosis of PPHN. There were no predetermined criteria for either the PH or PPHN diagnoses-in other words, the presence or absence of these conditions was entirely at the discretion of the treating neonatologist. For each neonate, we obtained various maternal and baseline neonatal characteristics, including birth size assessment based on intrauterine growth curves. 49 The Clinical Data Warehouse does not contain information on specific iNO dosages, oxygenation indices, or echocardiographic findings.
Outcomes
The primary outcome was in-hospital mortality, which was defined as death prior to transfer or discharge home. Secondary outcomes were any-stage necrotizing enterocolitis (NEC); retinopathy of prematurity requiring treatment (tROP); chronic lung disease (CLD; defined as supplemental oxygen use and/or positive pressure requirement at 36 weeks' postmenstrual age); and periventricular leukomalacia (PVL).
Statistical Analyses
Statistical analyses were performed using SAS, version 9.4 (SAS Institute, Inc). Because iNO exposure was not randomly assigned in this retrospective cohort, we used propensity score (PS) matching to reduce the imbalance of measured baseline characteristics between patients who received iNO during the first 7 days of life and their matched referents. 53, 54 Since iNO could have been initiated at any time during the first 7 days of
Key Points
Question Does early treatment with inhaled nitric oxide improve survival in extremely preterm neonates diagnosed with pulmonary hypoplasia?
Findings This cohort study compared outcomes within a propensity score-matched cohort of neonates born at less than 29 weeks' gestation with respiratory failure and a clinical diagnosis of pulmonary hypoplasia who were or were not treated with inhaled nitric oxide. Treatment during the first week of life was not significantly associated with improved in-hospital survival, even among neonates with a concomitant diagnosis of pulmonary hypertension.
Meaning There may not be a benefit to prescribing inhaled nitric oxide to extremely preterm neonates with pulmonary hypoplasia, whether or not pulmonary hypertension is also suspected.
life, we used a sequential iterative risk set approach to match a patient who initiated iNO on day t (exposed) with another patient (referent) with similar baseline characteristics who had not received iNO as of day t, separately, for t =0to7 . 55,56 First, we created a risk set of all patients at risk for receiving iNO on day t. Using all the patients in this risk set, we fit a multivariable logistic model to estimate PS values (defined as the probability that a patient would receive iNO on day t, conditional on the measured baseline covariates). This model included main effect terms for each of the variables listed in Table 1 ; gestational age, birth weight, and calendar year were modeled as linear terms, with an interaction between gestational age and birth weight. For each patient who received iNO on day t, 1 patient was randomly selected without replacement from the pool of patients who did not receive iNO on day t and matched on the respiratory diagnosis (PH without PPHN or PH with PPHN) and within 0.2 SDs of the logit of the PS values. We repeated this matching process sequentially for each of days t 0 through 7, only excluding patients from each risk set who had died, been transferred or discharged, or received iNO prior to time t. We combined all matched pairs (exposed and their matched referents) into a single PS-matched cohort for analysis. The date of iNO initiation for the iNO exposed was defined as the index date for both the iNO-exposed patients and their matched referents. We evaluated covariate imbalance between the iNO-exposed group and unexposed group by determining the standardized difference for each baseline covariate. We defined the standardized difference for a continuous covariate as the absolute difference in group means divided by an estimate of the pooled standard deviation. The derivation was similar for nominal covariates. We considered a standardized difference less than 0.10 as negligible covariate imbalance between groups.
57
To assess the association between iNO status and inhospital mortality using the PS-matched cohort, we used a Cox proportional hazards model using age as the time scale. 58 The counting process formulation of a Cox model was used to handle the delayed entry of the patients into the risk sets since patients entered a risk set at their respective age at the index date (instead of birth) and exited at the age of their death, transfer, or discharge. To account for patients included in both groups in the matched cohort, we used robust sandwich covariance estimates in the Cox models. We summarized associations using the HR and corresponding 95% CI. We used the same time-to-event analysis methods to compare NEC between the matched treatment groups. For the 3 remaining secondary outcomes, we identified separate PS-matched subcohorts of patients who were eligible for evaluation of these diagnoses: for tROP, patients evaluated for ROP; for CLD, patients hospitalized at 36 weeks' corrected gestational age; for PVL, patients with brain imaging. Because iNO treatment status was known at the time these secondary outcomes were assessed, we performed matching in a single step for each subcohort. We then evaluated the association between iNO and each secondary outcome using logistic regression, handling iNO status as a standard baseline covariate. Associations were summarized using odds ratios (ORs) and corresponding 95% CIs.
A sensitivity analysis was performed for the mortality and NEC outcomes to alternatively handle those matched referents who subsequently received iNO within the first 7 days of life. Among the 151 referents in the PS-matched cohort, 35 received iNO within the first 7 days of life, of whom only 12 were also included in the matched cohort as exposed because there were no matched referents for the remaining 23 based on our matching calipers. In the sensitivity analysis using all 151 PS-matched pairs, we censored the follow-up of these 35 referents at the age they received iNO rather than at the age of their death, transfer, or discharge. In this manner, the 12 matched referents who were also in the exposed group were handled as unexposed in the time interval prior to receiving iNO and as exposed in the time interval after receiving iNO. These primary and sensitivity analysis methods were also used to assess outcomes in subgroups defined based on diagnosis status (PH with PPHN and PH without PPHN).
Results
Of the 92 635 neonates meeting gestational age, birth weight, and calendar year criteria, 1256 (1.4%) were diagnosed with PH as a cause of their respiratory distress ( Figure 1 ). After exclusion of neonates with congenital anomalies and those from nonsingleton pregnancies, 767 remained as the unmatched analysis cohort. Of these neonates, 185 of 767 (24.1%) had iNO initiated within the first 7 days after birth, with most exposed on the first day of life (n = 123 [66.5%] on day 0; n = 54 [29.2%] on day 1; n = 5 [2.7%] on day 2; and n = 3 [1.6%] on days 3 through 7). Baseline characteristics of neonates in the full (unmatched) cohort are shown in Table 1 . Compared with neonates untreated with iNO, those who did receive iNO were more often diagnosed with both PH and PPHN, received highfrequency oscillatory ventilation more frequently, and were more likely to be prescribed at least 1 vasopressor during the first 3 days of life. The use of iNO in patients with PH increased from 18 of 211 (8.5%) in 2000 through 2004 to 105 of 292 (36.0%) in the period of 2010 through 2014; this meant that most neonates exposed were discharged within these last 5 years (n = 105; 56.8%).
All of the variables listed in Table 1 were included in the model to derive the PS values. The PS-matched cohort consisted of 151 pairs of exposed and unexposed neonates. Compared with the full unmatched cohort, the measured covariates in the matched cohort were more balanced, with most standardized differences falling below the recommended threshold of 0.10 (eFigure 1 in the Supplement) and a slight residual imbalance for calendar year and the racial/ethnic category other. Half of the neonates in the matched cohort were born following prolonged rupture of membranes, and nearly 90% were exposed to antenatal steroids (Table 1 ). All matched pairs were mechanically ventilated during the first 2 days of life, including more than 90% in each group receiving high-frequency oscillatory ventilation. Approximately 80% of these neonates required at least 1 vasopressor during the first 3 days of life. Among the 151 neonates in the iNO group, 62 died inhospital at a median age of 1 day (interquartile range [IQR], 1-9 days) and the remaining 89 were discharged or transferred at a median age of 81 days (IQR, 59-103 days). Among the 151 matched referents, 72 died in-hospital at a median age of 1 day (IQR, 1-5 days), and the remaining 79 were discharged or transferred at a median age of 86 days (IQR, 62-104 days). Contrary to our hypothesis, we did not observe a statistically significant association between iNO treatment and mortality among these patients (HR, 0.79; 95% CI, 0.57-1.11, adjusted for calendar year to address the residual imbalance in the propensity matching; Figure 2 ).
Necrotizing enterocolitis was diagnosed in 7 exposed neonates at a median of 26 days of life (IQR, 14-32 days) and in 8 referents at a median of 14 days of life (IQR, 10-21 days). There was no statistically significant association between iNO exposure and NEC (HR, 0.73; 95% CI, 0.27-2.01, adjusted for calendar year; eFigure 2 in the Supplement). Additionally, early treatment with iNO was not associated with differences in any of the other secondary outcomes ( Table 2) .
When the matched cohort was further stratified by the presence or absence of a concomitant diagnosis of PPHN, the covariates were slightly more unbalanced, in part because of small sample sizes (eTable 1 in the Supplement). Among neonates diagnosed with both PH and PPHN, those who received iNO had a 33% reduced risk of in-hospital mortality compared with matched referents; however, this difference was not significant (HR, 0.67; 95% CI, 0.45-1.01; Figure 3 ). Patients whose PH was not accompanied by a concomitant diagnosis of PPHN experienced similar mortality irrespective of iNO treatment status (HR, 1.11; 95% CI, 0.61-2.02; Figure 3) . Last, among the PH with PPHN and PH without PPHN subgroups, we were unable to detect statistically significant associations between iNO treatment and NEC (PH with PPHN: HR, 0.55; 95% CI, 0.18-1.73; PH without PPHN: HR, 2.16; 95% CI, 0.19-24.1) or any other secondary outcome (eTable 2 in the Supplement).
The results from the sensitivity analysis were consistent with the main analysis. In the sensitivity analysis, we found that there was no significant difference in the risk of inhospital mortality between exposed neonates and their matched referents (HR, 0.86; 95% CI, 0.60-1.23, adjusted for calendar year; eFigure 3 in the Supplement) or in the risk of NEC between the 2 groups (HR, 0.63; 95% CI, 0.21-1.92, adjusted for calendar year; eFigure 4 in the Supplement). Likewise, in subgroup sensitivity analysis, the HRs for in-hospital mortality were consistent with the main analysis (PH with PPHN: HR, 0.72; 95% CI, 0.45-1.15; PH without PPHN: HR, 1.09; 95% CI, 0.62-1.92; eFigure 5 in the Supplement).
Discussion
We determined that iNO treatment during the first week of life was not associated with improved survival in this cohort, which No. at risk Exposed Unexposed
Exposed neonates (n = 151) Unexposed neonates (n = 151)
The survival estimates were derived from a Cox model with patients entering the risk set with their respective age as the index date. iNO indicates inhaled nitric oxide; NEC, necrotizing enterocolitis; PH, pulmonary hypoplasia; PPHN, persistent pulmonary hypertension of the newborn. is to our knowledge the largest reported cohort of extremely preterm neonates with PH. Similarly, iNO treatment was not associated with reductions in tROP, CLD, or PVL among those who survived to be evaluated for these comorbidities. Among our initial sample of more than 90 000 patients, we observed a prevalence of PH similar to levels reported previously. [1] [2] [3] [5] [6] [7] Additionally, the patient characteristics and clinical outcomes of our matched cohort are similar to those of prior studies.
1,2,10,28-38
We hypothesized that early iNO treatment would be associated with lower mortality among preterm neonates diagnosed with PH. Previous studies suggested that preterm neonates with PH secondary to prolonged rupture of membranes may represent a subpopulation for whom iNO might confer a survival advantage.
29-32,34,36-38,59-61 This is especially compelling given that these neonates may be affected by a transient defect in nitric oxide generation. 28 In fact, the possibility that preterm neonates with prolonged rupture of membranesinduced PH might benefit from iNO has been acknowledged by some organizations that otherwise discourage the routine or rescue use of iNO in preterm neonates.
41,62,63
Yet we did not disprove the null hypothesis in this study. One explanation could be that our matched cohort contains patients who were affected by a broad spectrum of disease, because PH may range from negligible to severe. 64 The unequivocal diagnosis of PH requires lung biopsy or autopsy, and so, for the practicing neonatologist, PH is essentially a diagnosis of exclusion. 34 This lack of certainty or diagnostic precision could have influenced the manner in which clinicians documented the presence of PH, although this would have affected both exposed and referent groups. The targeted use of iNO in preterm neonates with PH and PPHN is supported by some organizations, including the American Heart Association, the American Thoracic Society, and the Pediatric Pulmonary Hypertension Network. 41 While we did not identify a beneficial association between iNO exposure and survival among extremely preterm neonates with PH, there is sufficient uncertainty in our subgroup analysis of those with PPHN that a prospective randomized clinical trial is warranted. Others have argued that such a trial would be impractical, given the relative rarity of the disease, 39-41,68 the associated high mortality rates, and complicating comorbid conditions, 33,67 as well as the lack of equipoise regarding the safety and efficacy of iNO. 40,41,68 In our sample of more than 90 000 neonates born before 29 weeks' gestation, 1.4% were diagnosed with PH, of whom 75% had no major anomalies. Considering these results, and that nearly 30 000 neonates are born before 28 weeks' gestation in the United States each year, 70 perhaps 300 patients could qualify annually for a randomized study. Based on the in-hospital mortality rates (41% and 48%) and HR (0.79) observed in this PS-matched cohort, approximately 600 neonates in each group (iNO exposed and unexposed) would be required to detect such a difference in a randomized study with 80% power (α = .05, 2-sided).
Limitations
We did not observe improved survival among neonates whose PH was accompanied by a concomitant diagnosis of PPHN, although the benefit of iNO therapy may have been underestimated because of the small size of our study population and/or other confounding factors. In addition, ascertainment bias could have influenced the classification of patients between the 2 subgroups. We were surprised to find that the mortality of referents in the PH with PPHN cohort was not significantly worse than that of referents in the PH without PPHN cohort (HR, 0.74; 95% CI, 0.44-1.27), because the concomitant diagnosis of PPHN is associated with higher mortality among extremely preterm neonates with respiratory distress syndrome. 69 This finding raises the possibility that some patients in the PH without PPHN cohort were affected by PPHN that either was clinically The survival estimates were derived from a Cox model with patients entering the risk set at their respective age at the index date. 
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Inhaled Nitric Oxide and Survival of Preterm Neonates With Pulmonary Hypoplasia eFigure 1. Standardized differences (absolute value) for each covariate used in the derivation of the propensity scores. In the propensity score-matched cohort, the covariates were more balanced between the two groups with most standardized differences below the 0.10 threshold. AGA, appropriate for gestational age;
LGA, large for gestational age; PROM, prolonged rupture of membranes; SGA, small for gestational age. eFigure 2. NEC-free survival by iNO exposure status of patients in the matched cohort. The survival estimates were derived from a Cox model with patients entering the risk set at their respective age at the index date. iNO, inhaled nitric oxide; NEC, necrotizing enterocolitis. eFigure 3. Overall survival by iNO exposure status of patients in the matched cohort -sensitivity analysis. The survival estimates were derived from a Cox model with patients entering the risk set at their respective age at the index date. iNO, inhaled nitric oxide; NEC, necrotizing enterocolitis. 
